We report what is believed to be the first experimental demonstration of a wideband spectral coherent process driven by a frequency-agile laser in a rare-earth-ion-doped crystal. The very demanding chirptransform algorithm is studied in detail and is applied to radio-frequency spectral analysis. A timebandwidth product of 24,000 is demonstrated.
Optics is increasingly used for microwave signal processing. Low loss and electromagnetic immunity are key advantages of optical links. On the processing side, the appealing feature is the wideband capability of optics. Development of various architectures for radio-frequency (RF) waveform generation, 1 filtering, 2 true-time delay lines, 3 analog-to-digital conversion, 4 and spectral analysis 5 is in progress. If most architectures achieve wideband processing, i.e., typically over 10 GHz or more, few can, at the same time, give a spectral resolution in the megahertz (MHz) range. This high-resolution feature is a unique attribute of architectures based on optical coherent transients in rare-earth-ion-doped crystals. Indeed, these crystals can handle bandwidths of several tens of gigahertz (GHz), with a resolution well below the MHz level. 6 Exploiting the available wide spectral band has long been a challenge, and only recently have some applications succeeded in this regard. These include spectral analysis 7, 8 and range Doppler processing. 9 For these architectures, the wideband advantage requires laser chirps covering the desired bandwidth in a few milliseconds with a precision better than the desired resolution. However, the chirp need not be phase coherent all along its duration, which is the case for some coherent processing schemes. One of these is the so-called photon-echo chirp-transform process, 10 which can be used for instantaneous spectral analysis and also for arbitrary waveform generation. Until now, no convincing wideband demonstration of this coherent spectral process could be performed, because producing phasecoherent, GHz-wide optical chirps of only a few microseconds duration is very challenging. We present here what is believed to be the first wideband, highresolution demonstration of a chirp-transform algorithm performed with a frequency-agile laser source.
The chirp-transform algorithm, used extensively in compressive receivers with surface acoustic wave devices, computes the time-to-frequency Fourier transform s͑f͒ of a signal s͑t͒ according to
where is the convolution product. One must first impart to the signal a linear frequency sweep with chirp rate −r and then perform a dispersion process at rate 1 / r. This yields the signal's Fourier transform, save for a phase factor. One then has a temporal image of the signal's spectrum with the time-tofrequency rule, f = rt. The photon-echo process quite naturally lends itself to implementation of this algorithm. 10, 11 Recall that in the perturbation regime the echo signal generated by three exciting pulses reads as
Now let E 1 ͑t͒ and E 2 ͑t͒ be two optical chirps of opposite rates ±2r, and E 3 ͑t͒ be an optical chirp of rate −r modulated by an RF signal s͑t͒ [see Fig. 1(a) ]. The echo signal power then displays the power Fourier transform of the RF signal according to Eq. (1). In that process, the first two chirps engrave a dispersive spectral filter in the material absorption band, which then shapes the third (reading) pulse. The difficulty in implementing the algorithm is that of the production of fast, wideband, phase-coherent optical chirps. After its first demonstration, 10 the process was performed in an Er:YSO crystal. 11 This experiment had a very limited bandwidth because the optical chirps were generated with acousto-optic modulators, but it still demonstrated a time-bandwidth product of 400 because of the achieved 40 kHz resolution. A wider-band ͑500 MHz͒ experiment was also performed in a Tm:YAG crystal. 12 In that experiment an integrated Mach-Zehnder (MZ) modulator was used to produce the optical chirps. However, the time-bandwidth product was limited to a few tens only. In addition, the bandwidth of this experiment is probably the maximum that can be attained if one resorts to modulators to produce the chirps. Indeed, although MZ modulators have several tens of GHz of bandwidth, electronics cannot produce clean 10 GHz wide chirps in a few microseconds. As a matter of fact, optical coherent processing lacks a voltage-controlled, frequency-agile, laser oscillator. Because we have developed such a laser source, we have been able to demonstrate the chirp-transform algorithm over a wide band. Figure 2 sketches the experimental arrangement. The laser output, coupled into an optical fiber, goes through a polarization controller and an integrated MZ modulator. An 18 dBm erbium-doped fiber amplifier (EDFA) follows. Acousto-optic modulator AO1 gates the output from the EDFA. The light is then coupled out of the fiber in a collimated beam. A quarter-wave and a half-wave plate control the light polarization. The beam is then focused to a spot with a 50 m waist in the crystal, with a maximum power of 15 mW. The light is finally directed to a photodetector (New Focus, 1 GHz bandwidth) through a freespace acousto-optic modulator (AO2).
Experiments were performed with a 0.005% at. doped Er 3+ :Y 2 SiO 5 crystal provided by Scientific Materials. The crystal is held at 1.7 K in a liquid helium cryostat, and in a magnetic field produced by permanent magnets. The magnetic field is perpendicular to the crystal b axis, at 45°from the D 1 axis. 13 The excitation optical pulses propagate along the b axis. We measured the wavelength of the 4 I 15/2 -4 I 13/2 transition at 1,536.118 nm in vacuum with a Burleigh wavemeter. The shift from the zero-field wavelength indicates a magnetic field of 2.1 T.
14 The transition coherence time was measured to be 150 s with twopulse photon-echo experiments. The inhomogeneous profile of the transition is ϳ2.3 GHz wide. This value, larger than previously reported, 13 results from field inhomogeneities and the default crystal cut: the peak is made of two lobes, indicating that the magnetic field has a small component along the b axis. It should be noted that magnetic field inhomogeneities are a very convenient way to enlarge the inhomogeneous profile to the desired value.
The laser source is an extended cavity diode laser that we built in collaboration with NetTest-Anritsu. The laser contains an intracavity LiNbO 3 prism for fast electro-optic frequency tuning. 15 To improve the linearity and spectral purity of the sweeps, we built an electronic servo loop based on an unbalanced MZ interferometer, to be described elsewhere.
The photon-echo chirp transform is performed using the sequence in Fig. 1 . The laser frequency undergoes two opposite linear sweeps spanning 3 GHz in 25 s. During these chirps the MZ modulator is biased at the maximum transmission voltage V 0 . AO1 crafts two 22 s long rectangular pulses in the laser output, which make the first two chirped pulses of the sequence. Then after a 50 s delay the laser frequency sweeps down the 3 GHz wide interval in 50 s. AO1 cuts a pulse of duration T s in this chirp. This makes the third pulse, which can be modulated by an RF signal thanks to the MZ modulator.
We first test the impulse response function of the chirp-transform process. For that purpose, the MZ modulator is biased at V 0 for maximum transmission during the whole sequence and the third pulse is a plain T s long chirp crafted by AO1 during the laser sweep. Results are displayed on Fig. 3 . For T s =1 s the response results from compression over a rT s = 60 MHz bandwidth and is clearly a squared cardinal sine, very much like the expected response. The observed distortion is due to the photodiode capacitive response and to residual imperfections of the laser chirps. When T s increases, these distortions grow more important [see Fig. 3(b) ]. However, the peak width at half-maximum is in agreement with the expected value 1 / rT s for T s up to 20 s. The finite response time of the photodiode prevents further compression of the response peak. Let us emphasize that for T s =20 s the pulse results from a coherent spectral addition over an rT s = 1.2 GHz bandwidth and corresponds to a compression factor of 24,000, equal to the Fourier limit rT s 2 . We now turn to RF spectral analysis. In that case the MZ modulator is biased at V (minimum transmission) during the third chirp and modulated by an RF signal produced by an arbitrary waveform generator. The signal is amplified and fed to the MZ modulator. Single sideband analysis is performed.
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Figure 4 displays an experimental RF spectrum, as given by the echo signal, compared with the power spectrum of the same RF signal computed numerically. The spectrum resolution is Fourier limited to 67 kHz by the 15 s duration of the RF-carrying chirp. The analyzed RF bandwidth is ⌬ RF = 1.6 GHz, corresponding to a time-bandwidth product ⌬ RF / T s of 24,000.
Comparison with the power fast Fourier transform of the RF signal reveals that the peak positions are accurate to within 10 kHz. The heights of the peaks, however, are not exactly as expected. This is particu- larly true for frequencies above 1 GHz. The reasons for this are the absorption profile shape and the limited bandwidth engraved by the first two pulses of the echo sequence. 11 For frequencies below 1 GHz, the reasons for the height discrepancy are most probably the uneven shape of the absorption profile and gain nonlinearities in the EDFA. One should emphasize that the contribution of the crystal to the uneven response of our processor is deterministic and can be corrected for, either via postprocessing or by tailoring the amplitude of the chirp pulses of the sequence.
Considering the ratio of the strongest peak of the spectrum to the variance of the noise floor, we compute a 32 dB linear dynamic range for the averaged spectrum. A 25 dB dynamic range is obtained in single shot. These dynamic ranges are power dynamic ranges for the input RF signal. They are limited by the photodiode. Let us point out that the signal was stable to within a few percent in peak height from shot to shot. The success of the average procedure also shows that the laser chirps were reproducible to within 10 kHz.
In summary, we have demonstrated what is believed to be the first wideband coherent optical transient experiments using a frequency-agile laser. The very demanding chirp-transform algorithm was particularly investigated. A compression factor and a time-bandwidth product of 24,000 were demonstrated, which are to our knowledge the highest ever demonstrated for a photon-echo processor and also beat by a factor of 10 the state-of-the-art compressive receivers based on surface acoustic waves. 16 Considering the RF spectral analysis application, a 1.6 GHz bandwidth was demonstrated together with a 70 kHz resolution, a 32 dB linear dynamic range. Extension to a 10 GHz bandwidth is in progress. These record demonstrations open the way to many other wideband coherent transient processing schemes.
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